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人間で行うことで，両手（たとえば，Helmuth	 and	 Ivry,	 1996;	 Ranganathan	 and	 Newell,	 



















図1．指の屈筋を制御する大脳皮質のニューロンにおける入出力の関係（Asanuma,	 1973,	 	 




sory input. Like neurons in the somatic sensory cortex,
neurons in the motor cortex have receptive fields in the
periph ery. Some respond to tactile stimuli, others to
movements of the hands, and still others to stretch of
individual muscles or rotation of ioints.
What is the relationship between the location of these
receptive fields on the body and the muscle groups con-
trolled by local sectors of motor cortex? Asanuma and his
colleagues found that some neurons in the motor cortex
receive proprioceptive input from the muscle to which
they project, while others receive input from regions of
skin that tend to be sontacted during contraction of that
same muscle (Figure 40-L0). This sensory input is trans-
mitted to the motor cortex by both corticocortical fibers
from the somatic sensory cortex, and by direct pathways
from the thalamus.
The correspondence between the muscle receptors pro-
viding proprioceptive input to cortical neurons and the
target muscles of these same neurons is similar to that of
muscle afferents and homonymous motor neurons in the
spinal cord. Phillips suggested that the motor cortex
might therefore function in parallel with the spinal
stretch reflex. He envisioned that transcortical circuits
convey afferent information from muscles and control
contraction of muscles by ^ long loop pathway throughthe motor cortex (Figure 40 10). This feedback would pro-
vide assistance, supplementing the stretch reflex, when
Chapter 40. Voluntary Movement 6L7
FIGURE 40-9
During movements in any given direction various cor-
tical neurons with different preferred directions are
active but the direction of the population vector
closely matches that of the direction of movement.
Each cluster represents the activity of one population.
The directions of the population vectors (dashed ar-
rows) closely match the direction of the targets.
FIGURE 40-10
Input-output organizati n of the cortical neurons controlling a
flexor of a digit. The neurons are activated by either stretch of
the muscle or stimulation of the skin. A parallel mechanism,












































































ることを仮定した（Kugler	 and	 Turvey,	 1986）．その概念にしたがって，Sternad	 et	 al.
（2000）は片手のタッピング運動を用いて，力の変動が特定の運動頻度から離れるにつ

























































合は大脳皮質間の情報交換に依存すると示唆された（Franz	 et	 al.,	 1996）．しかし，脳
梁損傷患者においても両手の時間的結合は観察されており，両手運動の時間的結合は大





した大脳皮質間の情報交換や皮質下の働きに依存する(Diedrichsen	 et	 al.,	 2003;	 
Spencer	 et	 al.,	 2003)．個人間協応運動は主に，他者の視覚情報や聴覚情報を介して情
報交換によって成立する．つまり，個人間の情報交換はワイアレスに行われている





ものであり，例として走運動が挙げられる．Ivryらの研究グループ（Ivry	 and	 Hazeltine,	 
1999;	 Spencer	 et	 al.,	 2003）は脳梁損傷患者に左右の指の屈曲伸展を分離的，周期的
に繰り返すことを要求した．その結果，分離的な運動を行った時，左右の指の空間的な
結合は消失したが，時間的な結合はそのままであった（Ivry	 and	 Hazeltine,	 1999）．そ
れに対して，周期的な運動を行った時，左右の指の空間的結合だけでなく，時間的結合
















	 このような協応運動の誤差補正を理解するために，Latash ら（Scholz	 and	 Schöner,	 






manifold	 hypothesisは	 task-irrelevant	 varinaceを用いて，task-relevant	 variance


































	 従来のフィードフォワードモデルと上述のuncontrolled	 monifoled	 hypothesisで生
じた処理過程の問題を解決するために，Todorov	 and	 Jordan（2002）はフィードバック
を用いて協応運動を最適化しているというoptimal	 feedback	 control	 theoryを提唱し
た（図7A）（総説として	 ，Scott,	 2004;	 Todorov,	 2004）．Optimal	 feedback	 control	 theory	 
	 
	 




Six unpaid healthy volunteers, four males and two females, took
part as subjects in the experiments. All of them were right handed
according to their preferential use of the right hand during writing
and eating. The age of the subjects was 28.3±3.8 years. Their
weight was 72.5±7.1 kg, and their height 1.75±0.08 m. All the
subjects gave informed consent according to the procedures ap-
proved by the Office for Regulatory Compliance of the Pennsylva-
nia State University.
Apparatus
During testing, the subject was seated in a chair facing the testing
table with his/her right upper arm at approximately 45° of abduc-
tion in the frontal plane and 45° of flexion in the sagittal plane, the
elbow at approximately 45° of flexion. A wooden board supported
the wrist and the forearm; two pairs of Velcro straps were used to
prevent forearm or hand motion during the tests. A wooden piece
shaped to fit comfortably under the subject’s palm was placed un-
derneath the palm to help maintain a constant configuration of the
hand and fingers. The subject viewed the monitor, which dis-
played total force produced by individual fingers (Fig. 2).
Four piezoelectric sensors (Model 208A03, Piezotronic Inc.)
were used for force measurement. Analog output signals from the
sensors were connected to separate AC/DC conditioners
(M482M66, Piezotronic Inc.). The system was operating in a DC-
coupled mode, utilizing the sensor’s discharge time constant as es-
tablished by the built-in microelectronic circuit within the sensor.
As such, the sensor’s time constant was theoretically infinite. Each
sensor gave approximately 1% error over the typical epoch of re-
cording of a constant signal. Cotton covers were attached to the
upper surface of the sensors to increase friction and prevent the in-
fluence of finger skin temperature on the measurements. The sen-
sors were placed under each finger of the right hand.
The sensors were mounted inside a steel frame (140×90 mm,
see Fig. 2). The position of the sensors could be adjusted in the for-
ward-backwards direction within a range of 60 mm, to fit the indi-
vidual subject’s anatomy. The steel frame with sensors was placed
inside a groove in the wooden board and positioned so that the sub-
ject could place his or her fingers comfortably on the sensors while
preserving the described arm configuration. A Gateway 450-MHz
microcomputer was used for data acquisition and processing. The
force measured by each sensor was sampled at 200 Hz.
Procedure
There were seven experimental conditions. In the first three, the
subjects were asked to produce force with one finger, index (I),
middle (M), or ring (R). The last four conditions involved two
multifinger tasks, IM and IMR, performed while the frame with
the sensors rested on either stable or unstable support. In the stable
condition (IMs, IMRs), the steel frame with the sensors was
placed directly on the board, as during the single finger tasks (I,
M, R). In the unstable condition (IMu, IMRu), the frame rested on
a narrow beam (4 mm wide) whose other end was placed on the
supporting board. During IMu tests, the beam was placed in the
middle between the index and middle fingers, while during IMRu
tests it was placed under the middle finger. During unstable tests,
the non-involved fingers of the right hand did not have contact
with the sensors. These fingers were lifted passively using adhe-
sive tape so that their fingertips were about 2 cm above their re-
spective sensors. The positions of all the sensors remained un-
changed throughout the experiment. During the trials on stable
support, subjects were explicitly instructed not to lift other, “unin-
volved” fingers off the sensors. They were asked not to pay atten-
tion to possible force generation by other fingers.
For each of the experimental conditions, three types of tests
were performed: (1) maximal force production (MVC test); (2)
ramp force production (ramp test); and (3) rhythmical force pro-
duction (oscillation test, see Fig. 2).
During MVC tests, the subjects were asked to produce maxi-
mal force by pressing on the sensors using each of the finger com-
binations (I, M, R, IM, and IMR). The computer generated two
tones (“get ready”), then a trace showing the total force produced
by the explicitly involved fingers started to move across the
screen. The subjects were asked to produce peak force within a 2-s
time window shown on the screen and then to relax. They were in-
structed to pay no attention to possible force generation by other,
“uninvolved” fingers as long as the explicitly involved fingers
generated their peak force. Each subject performed three trials us-
ing each finger combination. The trial with the highest force pro-
duced by the explicitly involved fingers was kept as a reference to
adjust the target forces in the two other tests.
The purpose of the ramp test was to generate linear estimates
of the relations between changes in individual finger forces and in
the total force during a multifinger task. These relations are non-
trivial because of the phenomenon of enslaving (see “Introduc-
tion”). As demonstrated in previous studies, patterns of finger en-
slaving show nearly linear relations between the force produced
by a master finger and forces produced by slave fingers within a
large range of forces (Li et al. 1998; Zatsiorsky et al. 2000). To be
conservative, we asked the subjects to produce ramp patterns of
force from 0% to 40% of MVC by pressing with only one finger
in each separate trial. An oblique red line was shown on the
screen, and the subject’s task was to trace this line in time with the
cursor representing total finger force. The force displayed on the
screen was either the sum of the I and M finger forces or the sum
of the I, M, and R finger forces. All ramp tasks were performed
twice, and the average of the two trials was used to estimate the
effect of enslaving for further analysis.
During the oscillation tests, the subjects had to produce rhyth-
mical force oscillation at a prescribed frequency and amplitude.
The total force produced by the explicitly involved fingers was
displayed online as a yellow trace on the screen located in front
of the subject. Two red horizontal lines were also displayed. The
top and bottom lines were placed respectively at 25% and 5% of
the MVC recorded for the tested finger combination. The task of
the subject was to produce force oscillation such that force ext-
rema just touched the two red lines. Force maxima were to be
synchronized with the beeps of an auditory metronome. The fre-
quency of the metronome was set to 112 bpm (about 1.87 Hz).
This frequency was selected based on earlier pilot studies as a
comfortable one. Each subject performed seven trials for each
finger combination. Each trial lasted 10 s; only data from the last
7 s were analyzed. Before the beginning of the experiment, sever-
al practice trials were given (typically between five and ten tri-
als).
The interval between successive trials was about 15 s. The or-
der of the tests as well as the order of the experimental conditions
were pseudo-randomized among subjects. Subjects never reported
fatigue.
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estimate）は直ちに次の運動指令に変換される．State	 estimateは，internal	 forward	 
model（運動指令の効果を予測するシミュレーター）から生じる運動指令の遠心性コピー
（efference	 copy,これまでの運動結果に基づく予測）とフィードバックを照合すること
によって更新される（Optimal	 state	 estimatorの部分，Wolpert	 et	 al.,	 1995）．そし
て更新されたstate	 estimateはminimal	 intervention	 principleに基づいて運動指令
に変換される．つまり，この処理過程では，運動を新たに計画しないので，フィードバ








図7．A：Todorov	 and	 Jordanによって提唱されたoptimal	 feedback	 control	 theory
における情報処理回路（Scott，2004を基に作成）．遠心性コピー（efference	 copy，運
動指令の結果予測）とフィードバック情報によって更新されたstate	 estimateを















































音（motor	 noise，総説として，Faisai	 et	 al.,	 2008）が関連している．課題に影響し
ない部分を制御することは余分な運動指令を引き起こすだけでなく運動雑音を伴い，余
計な運動指令と運動補正の悪循環が生じる．現在，optimal	 feedback	 control	 theory
は障害物に対する運動（Liu	 and	 Todorov,	 2007），対象物の操作（Nagengast	 et	 al.,	 2009），














challenges are daunting — the modern
game is extraordinarily fast, and each
action must be made at the limits of
human reaction times, so that tennis
strokes are planned and executed
well before the ball arrives at the
racquet. For a powerful player like
Andy Roddick, the ball is served so
fast — 155 mph — that it reaches the
opponent’s baseline in about 350
milliseconds. Estimating the ball’s
trajectory accurately enough to reach
and return it requires the combination
of incomplete sensory information from
the visual system with prior knowledge
of the ball’s likely distribution of
positions — Roddick tends to get the
ball inside the tramlines more often
than not. Kording and Wolpert [1]
showed in a laboratory version of this
task that we use a Bayesian approach
in which we optimally integrate sensory
information about the current event
with prior knowledge of the distribution
of past events.
Consider next the challenge for
Roddick’s opponent in returning the
serve. He plans the swing of the
racquet to reach the approaching ball,
but again must integrate his motor plan
with sensory feedback about its
execution. The evolving act must be
refined and modified as the latest
sensory information is processed,
specifying both where the ball is
bouncing and how his race along the
baseline is progressing. Todorov and
Jordan [2] developed the theory of
optimal feedback control, in which
sensory feedback and prior knowledge
are combined into a ‘state estimate’ of
the current situation that is integrated
with the goal of the action to
dynamically specify the optimal motor
responses required. The key concept
is of ‘minimum intervention’. Control
gains are adjusted according to the
task, allowing irrelevant parameters
to be uncontrolled (low gain) while
task-critical parameters have high
gain [3]. This was a significant advance
over previous theories which could
define an optimal plan in advance of an
action [4–6], but could not easily modify
the plan to deal with intrinsic variation
in its execution or with changes in the
external environment.
Now, take things a step further.
Imagine when someone like me
attempts to play tennis. I might be
ambitious and try a two-handed
backhand stroke. But it goes wrong
(it always does!) and the racquet
misses the ball (Figure 1A). Is it
because my left arm was weak, or
my right arm a bit slow? How should
I untangle the ambiguity about the
responsible effector muscles so that
I can first correct the mistake, and
second learn from the mistake to
improve my performance? Because
I am right-handed, my left arm is likely
to be less accurate, so should I try to
usemy right arm to correct for the error,
as it is better able to do so, or should
I make my left arm correct the mistakes
it was responsible for, and learn from
them for next time?
As they report in this issue of Current
Biology, White and Diedrichsen [7]
have developed a clever experimental
design to address these questions.
Participants hold two lightweight
mechanical arms and see the average
of the two handle positions as a cursor
on a screen which they must move
towards a visual target (Figure 1B).
Because the cursor reflects the
average of both hands, the task is
inherently redundant — one hand or
the other could do all the work, or
both hands can share the effort [8].
Likewise, an error — introduced
experimentally by rotation of the
path of the cursor around its start
position — is ambiguous and could
have been caused by either the left
hand or the right hand misreaching.
What the authors [7] first found is that
for a group of right handers, the left
hand corrected for the rotated cursor
position more than the right hand.
They confirmed this result by testing
left handers, who are typically less
lateralized than right handers, and
found a weak effect in the opposite
direction. Combing both groups, there
was a strong relationship between
handedness and the asymmetry of the
corrections. The more dominant was
one hand, the less likely it was to
correct the error.
White and Diedrichsen [7] asked how
the two hands adapted to these errors.
Again, across the group there was a
correlation between the asymmetry
of error correction on one trial and the
asymmetric shift in reaching direction
on the next trial (Figure 2). The arm that
corrected more learned more from the
mistake. In an elegant twist, they then
pre-exposed one hand or the other to
a series of high errors, in a unimanual
version of the task, before again testing
the bimanual responses. Their results
show that recent history of poor
reaching performance is enough to
bias the corrective responses and the
learning towards the worse hand. We
do force the bad arm to learn better,


























Figure 1. Assigning responsibility for motor errors.
(A) Bimanual actions have redundancy because either or both arms can contribute to the
action. So an error — missing the ball — could have been caused by a mistake from either
arm. It might also be due to external events, such as a gust of wind. The ellipses indicate
unequal certainty about the state of each arm. For right handers, the right arm is more reliable,
less uncertain (red ellipse). So the mistake is more likely caused by the more uncertain left arm
(blue). (B) Experimental design. The forward movement of a single cursor (centre) towards
a target (yellow) is controlled by both unseen arms, but is rotated clockwise about its origin.
The two hands share the correction (CL and CR). On the subsequent trial, the two hands also





















domain, structured variability can be observed in the
synchronisation of bimanual movements. For example,
when one hand is used to open a drawer and the other
to retrieve an object from the drawer, intermanual time
lags are small when the object is picked up, but variable
during other phases of the action [44].
Correlations between effectors are often attributed to
synergies (in an explanatory sense). In the context of
OFCT, however, structured variability emerges naturally
from task-dependent feedback control [18]. The regularis-
ation term of the cost function enforces the minimal inter-
vention principle: Deviations relevant to the external task
goal should be corrected, whereas deviations along task-
irrelevant dimensions need not be compensated and can
thus accumulate. The interplay of these two factors
induces structured variability. Importantly, OFCT holds
that this structure arises through feedback control rather
than reflecting inherent correlations between the feed-
forward commands to different effectors. Consistent with
this prediction, the negative correlation of the lateral hand
positions in the one-cursor task arises over the time course
of the movement (Figure 2c).
Initial gating mechanism
There are situations in which systematic correlations be-
tween effectors cannot be attributed to task-dependent
feedback control. For example, when the two hands are
used to reach simultaneously for two separate goals, OFCT
would predict independent control of the two movements.
However, strong correlations are observed in both reaction
time and initial acceleration [45,46]. This form of coupling
is generally considered a hard constraint in coordination
[10]: it is not easily modified by task requirements [47].
Indeed, it remained present even when the primary con-
nections between the two cerebral hemispheres were
absent, despite the fact that the human subjects exhibited
considerable independence of the two limbs once the move-
ments are initiated [48,49]. Thus, there appears to be a
general mechanism, probably subcortical [50], that syn-
chronises the onset of differentmovements, even if they are
unrelated. How can the existence of such a strong inherent
constraint be reconciled with OFCT?
We propose that, at least for related movements, a
coupling mechanism of this sort is necessary within the
control architecture assumed by OFCT. Consider the task
Figure 3. Structured variability induced by task-dependent feedback gains. (a)
Correlations of horizontal endpoint position of the left (x) and right (y) hands are
found in the one-cursor task (red line and dots) but not in the two-cursor task (blue
line and dots). In the one-cursor task, variability along the task-redundant
dimension (distance between hands, left up–right down diagonal) is not
corrected. (b) The negative correlation develops during the movement,
indicating that it arises from a feedback control law rather than from correlations
in the initial motor commands [32].
Figure 2. Task-dependent feedback control during a bimanual task. (a) In the two-
cursor task, a force field applied to the left hand is corrected by the action of the left
hand alone. (b) In the one-cursor task, part of the correction is performed by the
right hand. (c) The task dependent component q(x) of the cost function comprises
the distance between the position of the left hand (pL) and its goal (gL) and the
distance between the right hand (pR) and its goal (GR). Minimisation of this cost
function results in independent control gains (L) for the two hands. (d) The cost
function for the one-cursor task predicts feedback control in which motor
commands for the left hand (uL) depend on the state of both the left hand and
right hands (xˆL and xˆR , respectively). Reproduced with permission from Ref. [32].
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be tested, the visual feedback of the cursor was with-
drawn in half of the trials, making the one- and two-
cursor conditions identical except for task instructions.
Even without visual feedback, participants showed
similar bilateral reactions in the one-cursor condition
(Figures 1F and 2A). Thus, just by changing whether
participants thought they controlled one or two end
effectors, feedback control based on proprioceptive
information could be manipulated.
When adding signal-dependent noise separately to
the movement of each hand, the optimal control policy
for the one-cursor condition predicts that the endpoints
of the two hands should become negatively correlated.
The effect arises because of bilateral corrections of mo-
tor noise, and should gradually arise over the course of
the movement (Figures 3A and 3B). Congruent with
this prediction, the movement endpoints on unper-
turbed trials were more negatively correlated in the
one-cursor than in the two-cursor condition, both with
(20.81 versus20.22, t(9) = 7.283, p < 0.001) and without
(20.44 versus20.18, t(9) = 3.881, p = 0.004) visual feed-
back. Furthermore, the effect arose after the predicted
time course (Figures 3C and 3D). Thus, participants
corrected only for task-relevant error [3, 5], whereas
negative covariation of the hands accumulated.
I then investigated how participants adapted to the
force fields. Previous studies have found the indepen-
dent adaptation of each arm during bimanual move-
ments [2]. By using a state-space model (see the Exper-
imental Procedures), I estimated how much the initial
direction of each hand in trial n + 1 (at 160 ms) was influ-
enced by a perturbation experienced in trial n, either on
the same hand (within-hand adaptation rate) or on the
other hand (between-hand adaptation rate).
In the two-cursor condition, the within-hand adapta-
tion rate was 0.12, with limited generalization to the
other hand (Figure 2B). In the one-cursor condition, the
between-hand adaptation rate was significantly higher
[t(9) = 3.37, p = 0.008] and the within-hand significantly
lower [t(9) = 2.43, p = 0.037]. Here, a force field applied
to one hand changed the initial direction in both hands.
Thus, how participants adapted to a unilateral force field
changed substantially with the task goals. A possible
account for the parallel changes feedback control and
adaptation is that the correction of each hand in the
last trial dictates howmuch the movement should adapt
in the next [6]. Consistent with this hypothesis, the
between-hand correction and adaptation rate in experi-
ment 1 were significantly correlated (Figure 2C).
So that the changes in adaptation could be confirmed,
participants in experiment 2 (n = 8) adapted for 80 trials
to a velocity-dependent force field of a constant direc-
tion applied to one of the hands. The perturbed hand
(Figure 4A) quickly adapted to the large initial errors.
This can also be seen in the change of initial direction
in catch trials, in which no force field was applied
(dashed line). In the two-cursor condition, adaptation
was restricted to the perturbed hand. In the one-cursor
condition, however, the unperturbed hand (Figure 4B)
also changed its initial direction, such that it opposed
the force field [t(7) = 7.89, p < .001], allowing the per-
turbed hand to adapt less than in the two-cursor condi-
tion [t(7) = 2.67, p = 0.032].
Previous work has shown that the control of bimanual
movements can change with task requirements [5, 7],
visual feedback [8, 9], and attention [10]. Here, I provide
another clean demonstration of this important feature of
the human motor system and show that this flexibility
Figure 1. Experiment 1 Shows Bilateral Movement Corrections in the One-Cursor Condition
(A) In the two-cursor condition, participants reached for two separate targets. In the one-cursor condition, they reachedwith both hands tomove
a common cursor to a single target. One of the hands was perturbed with a leftward (red) or rightward (blue) force field or was unperturbed
(black).
(B) Predicted movement trajectories based on the optimal control policy.
(C) Movement trajectories observed in experiment 1, averaged across participants and hands.
(D) The y velocity (dashed line) and x velocity (red, blue, and black solid lines) of the perturbed hand.
(E and F) The x velocity of the unperturbed hand with (E) and without (F) visual feedback shows the onset of the correction in the one-cursor
condition. The shaded area indicates the across-subject standard error (SE).
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be tested, the visual fe dback of the cur or was with-
drawn in half of the trials, making the one- and two-
cursor conditions identical except for task instructions.
Even without visual feedback, participants showed
similar bilateral reactions in the one-cursor condition
(Figures 1F and 2A). Thus, just by changing whether
participan s thought they cont olled one or two end
effectors, feedback control based on proprioceptive
information could be manipulated.
When adding signal-dependent noise separately to
the movement of each hand, the optimal control policy
for the one-cursor condition predicts that the endpoints
of the two hands should become negatively correlated.
The effect arises because of bilateral corrections of mo-
tor noise, and should gradually arise over the course of
the movement (Figures 3A and 3B). Congruent with
this prediction, the movement endpoints on unper-
turbed trials were more negatively correlated in the
one-cursor than in the two-cursor condition, both with
(20.81 versus20.22, t(9) = 7.283, p < 0.001) and without
(20.44 versus20.18, t(9) = 3.881, p = 0.004) visual feed-
back. Furthermore, the effect arose after the predicted
time course (Figures 3C and 3D). Thus, participants
corrected only for task-relevant error [3, 5], whereas
negative covariation of the hands accumulated.
I then investigated how participants adapted to the
force fields. Previous studies have found the indepen-
dent adaptation of each arm during bimanual move-
ments [2]. By using a state-space model (see the Exper-
imental Procedures), I estimated how much the initial
direction of each hand in trial n + 1 (at 160 ms) was influ-
enced by a perturbation experienced in trial n, either on
the same hand (within-hand adaptation rate) or on the
other hand (between-hand adaptation rate).
In the two-cursor condition, the within-hand adapta-
tion rate was 0.12, ith limited generalization to the
other hand (Figure 2B). In the one-cursor condition, the
between-hand adaptation rate was significantly higher
[t(9) = 3.37, p = 0.008] and the within-hand significantly
l w r [t(9) = 2.43, p = 0.037]. Here, a force field applied
to one hand changed the initial direction in both hands.
Thus, how participants adapted to a unilateral force field
changed substantially with the task goals. A possible
account for the parallel changes feedback control and
adaptation is that the correction of each hand in the
last trial dictates howmuch the movement should adapt
in the next [6]. Consistent with this hypothesis, the
between-hand correction and adaptation rate in experi-
ment 1 were significantly correlated (Figure 2C).
So that the changes in adaptation could be confirmed,
participants in experiment 2 (n = 8) adapted for 80 trials
to a velocity-dependent force field of a constant direc-
tion applied to one of the hands. The perturbed hand
(Figure 4A) quickly adapted to the large initial errors.
This can also be seen in the change of initial direction
in catch trials, in which no force field was applied
(dashed line). In the two-cursor condition, adaptation
was restricted to the perturbed hand. In the one-cursor
condition, however, the unperturbed hand (Figure 4B)
also changed its initial direction, such that it opposed
the force field [t(7) = 7.89, p < .001], allowing the per-
turbed hand to adapt less than in the two-cursor condi-
tion [t(7) = 2.67, p = 0.032].
Previous work has shown that the control of bimanual
movements can change with task requirements [5, 7],
visual feedback [8, 9], and attention [10]. Here, I provide
another clean demonstration of this important feature of
the human motor system and show that this flexibility
Figure 1. Experiment 1 Shows Bilateral Movement Corrections in the One-Cursor Condition
(A) In the two-cursor condition, participants reached for two separate targets. In the one-cursor condition, they reachedwith both hands tomove
a common cursor to a single target. One of the hands was pert rbed with leftward (red) or rightward (blue) force field or was unperturbed
(black).
(B) Predicted movement trajectories based n the optimal control policy.
(C) Move ent trajectories observed in xperiment 1, averaged across participants and hands.
(D) The y velocity (dashed line) and x velocity (red, blue, and black solid lines) of the perturbed hand.
(E and F) T e x velo ity of the unperturbed hand wi h (E) and without (F) visual f edback shows the onset of the correction in the one-cursor
condition. The shaded area indicates the across-subject standard error (SE).






















相互作用させることがある．先行研究はタッピング課題（Inui	 et	 al.,	 1998;	 Sternad	 et	 





400	 ms前後であり，2倍の間隔は800-900	 msであり，1/2の間隔は230-250	 msであっ
た（図10A）．このように，力の増減に関わらず，タップ間間隔はかなり正確に増減が制
御されていた．それに対して，タップ間間隔が2倍になると，力も顕著に強くなり，力
は正確に制御されなかった（図10B）．さらに，Inuiらの一連の研究（Inui	 and	 Ichihara	 ,	 































































































































協応はjoint	 actionとかsocial	 coordinationと呼ばれ，joint	 actionは「2人以上の
人間が環境の変化を引き起こすために，彼らの動作を時空間的に協応化させる社会的相




（たとえば，Schmidt	 et	 al.,	 1990）．したがって，両手の協応運動の知見は個人間のそ
れを理解するために重要なものである．このような個人間の協応を実現するために，2
人の脳は視覚情報や聴覚情報などの物理的な信号を介して情報交換し，ワイアレス・コ
ミュニケーション・システムを形成している（図4B と図 12B，Hasson	 et	 al.,	 2012）．
実際に，近年の個人間協応運動の研究は視覚情報（Schmidt	 et	 al.,	 1990;	 1998），聴覚










in brain-to-brain coupling, the signal is generated by
another brain and body that resemble one’s own, rather
than by inanimate objects in the physical environment
(Figure 1b). Brain-to-brain coupling is analogous to a
wireless communication system in which two brains are
coupled via the transmission of a physical signal (light,
sound, pressure or chemical compound) through the shared
physical environment.
The coordination of behavior between the sender and
receiver enables specific mechanisms for brain-to-brain cou-
pling unavailable during interactions with the inanimate
world. For example, seeing or hearing the actions, sensa-
tions or emotions of an agent trigger cortical representations
in the perceiver (so-called vicarious activations [7,8]). If the
agent has a similar brain and body, vicarious activations in
the perceiver will approximate those of the agent, and the
neural responses will become coupled [7]. If the agent,
however, has a brain and body that are fundamentally
different from those of the witness, this vicarious activation
pattern will look fundamentally different from that in the
agent and the brain responses will not be coupled. Vicarious
activation, of course, is only one particular mechanism by
which the neural responses can be coupled across two
brains. In other cases, the neural responses in the receiver
can be coupled to the neural responses in the sender in a
lawful, but more complex, manner [9].
Acquiring communication
The emergence of any communication system, as Wittgen-
stein suggested [1], requires a shared understanding of the
signals’ meaning (i.e. uses) within a particular context
among a community of users. Such common ground is
established through learning, which often takes place in
the form of early interactions between a tutor’s brain and a
learner’s brain. This hypothesis is supported by develop-
mental evidence.
Many joint behaviors such as mating, group cohesion
and predator avoidance depend on accurate production and
perception of social signals. As a result, the development of
these behaviors is strongly influenced by interactions with
other group members. Developmental processes ultimately
must result in coupling between the sensory systems of one
individual with the signals produced by the motor system
of another individual. How might this coupling occur? We
demonstrate how a multi-brain frame of reference might
provide an answer to this question using studies of birds
and human infants.
Early studies of song learning in captive birds explicitly
excluded social factors, in line with a single-brain frame of
reference approach. Young birds were only exposed to
taped recordings of adult songs. This practice enabled
great experimental control and reflected the assumption
that song learning was based on an imprinting mechanism.
However, it occluded the fact that songbirds learn much
more effectively in social contexts, to the extent that one
species of bird can learn the song of another species pro-
vided that the tutor is a live bird as opposed to a tape-
recording [10]. Perhaps the best evidence that social inter-
actions mediate vocal learning in birds comes from studies
of cowbirds [11]. Male cowbirds learn to sing a potent
(attractive) song by watching the reactions of females
[12]. When female cowbirds (who do not sing) hear an
attractive song or a song element, they produce a small
wing movement. The visual signal reinforces the males’
behavior so that they are more likely to repeat the song
elements that elicited the female wing movement. This
ultimately leads males to sing a more advanced song that
will successfully attract many females. Females, in turn,
learn their preferences for certain male songs by watching
and hearing the responses of other females in the group
[13,14]. Thus, both song production and preferences
emerge through social interactions.
In human infant communication, it is typically as-
sumed that social interactions primarily have a role in
children’s language learning after they learn how to pro-
duce words. It turns out, however, that the social environ-
ment also influences infants’ earliest prelinguistic
vocalizations. The babbling of a 7–12-month-old infant
exhibits a pitch, rhythm and even a syllable structure
that is similar to the ambient language [15]. This acoustic
shift in babbling towards the ambient language occurs
through interactions with caregivers [15]. Consistent
caregiver responses to babbling can reinforce certain
acoustic structures, allowing infants to learn from the
consequences of their vocalizations. For this type of learn-
ing, there are two reciprocal requirements: (i) adult care-
givers must be sensitive to the acoustic characteristics of
babbling and respond to them, and (ii) infants must per-
ceive the reactions of caregivers and adjust their vocaliza-
tions accordingly. Indeed, caregivers respond readily to
babbling during the first year of life, often by mimicking
the infants’ vocalizations and establishing turn-taking
during face-to-face interactions. Furthermore, caregivers






























Stimulus-to-brain coupling  Brain-to-brain coupling (b)(a)
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Figure 1. Two types of coupling: (a) stimulus-to-brain coupling; (b) brain-to-brain coupling.

























みは両手のそれよりも弱いことも示されている（Schmidt	 and	 O’Brian,	 1997）．興味深





のようにタイミングを同期させているのかを説明できない（Sebanz	 and	 Knoblich,	 2009）．
実際に，ピアニストはピアノ二重奏において，30	 ms という少ない誤差で他者の演奏に
同期させることができる（Keller	 et	 al.,	 2007）．このような意図的な運動の同期は相
手の運動を予測し，運動を計画し，実現すると考えられている．相手の運動の予測は自
分の運動プログラムに基づいて他者の運動をシミュレーションすることで得られ，これ
はaction	 simulationと呼ばれる（Wolpert	 et	 al.,	 2003）．つまり，自分自身が他者の
行う運動に関する運動プログラムを持っていなければ，他者の運動を予測できない．こ
のメカニズムを証明する実験として，バスケットボールでプロの選手，コーチ，記者に










（complementary	 action ）を検討している（Bosga	 and	 Meulenbroek,	 2007;	 








































1.6.3.	 ミラー・ニューロン・システム	 	 
	 神経科学的な研究はサルとヒトにおいて観察した他者の運動と同じ運動を行う時に下
前頭回と下頭頂葉の活動が活発になることを示し，これらの領域はミラ ・ーニューロン・











聴覚情報に反応するミラー・ニューロンも発見されている（Kohler	 et	 al.,	 2002）．そ
して，このシステムは相手の運動のシミュレーションにも関連すると言われている
（Gallese	 and	 Goldman,	 1998;	 Gallese,	 2006）．しかし，興味深いことに，近年の研究
では，ミラー・ニューロンの活動は相補運動の方が模倣運動よりも活発であると報告さ
れている（Newman-Norlund	 et	 al.,	 2007）．Newman-Norlund	 et	 al.（2007）は参加者に
他者が棒を保持する画像を見せ，他者の手の位置と同じ場所を持つ摸倣運動と，他者と
異なる位置を持ち，棒を支えるような相補運動を要求した．その2つの課題中の参加者
の脳活動は，機能的磁気共鳴断層撮影法（functional	 magnetic	 resonance	 imaging，	 fMRI）
















タイミングも相互作用させる（Inui	 et	 al.,	 1998;	 Inui	 and	 Ichihara,	 2001）．さらに，
両手協応運動の研究は両手の力制御はタイミングに影響しないが，タイミングは力制御
に影響し，タイミングの制御が力制御を支配するような階層性が存在することを示した





	 個人間の協応運動の研究は個人間の運動の同期（Keller	 et	 al.,	 2007;	 Konvalinka	 et	 
al.,	 2010）や相補的力発揮（Bosga	 and	 Meulenbroek,	 2007）を観察し，両手協応運動
の研究を個人間協応運動に拡張した．しかし，いくつかの個人間協応課題では2人の方
























































































図17．	 2つの課題におけるpeak	 forceとvalley	 forceの標準偏差（A），変動係数（B）．
森藤ら（2009）は周期的に力発揮し，目標のpeak	 forceとvalley	 forceに一致させる課
題を行った．	 実験は2つの力レベルの課題を設定し，4-1課題は目標peak	 forceが4N,目




































表1．	 3つの課題における目標のpeak	 forceとvalley	 force	 
	 	 	 	 	 	 	 	 
	 	 10-5課題	 20-10課題	 40-20課題	 
peak	 force	 10	 20	 40	 









force：5%MVC），20-10課題（peak	 force：20%MVC,	 valley	 force：10%MVC），40-20課題
（peak	 force：40%MVC，valley	 force：20%MVC）を設定した（表1）．最初に，20%MVC	 の
peak	 forceと10%MVCのvalley	 forceである20-10課題を設定した．また，20%MVCの	 peak	 
















電圧として測定された（図 18B）．ロードセルの出力は増幅器（Model	 MCC-8A	 	 Koyowa）
によって増幅された後に，100Hz 以上の周波数を切り捨て，12 ビットの A/D 変換器
（PowerLab/8sp,	 AD	 Instruments）によって，1000Hzの周波数でサンプリングしてデジ
タル化された．その出力信号はパーソナル・コンピューター（Vostro	 200,	 Dell）のモ
ニター（解像度：1280	 ×	 960 ピクセル）に掃引して記録された．その記録された出力
信号から，peak	 force,	 valley	 force,	 peak-to-peak	 interval（PPI）,	 valley-to-valley	 




























回の力発揮からなり，その従属変数の分析は peak	 force，valley	 force，PPI，VVI，
time-to-peak	 force，time-to-valley	 force の恒常誤差，標準偏差，変動係数






























の平均値を示した．分析の結果，peak	 force は valley	 force よりも大きな力を示した
（F	 (1,	 54)=233.60,	 p<0.0001）．また，10-5課題は20-10課題と40-20課題よりも小




力制御の正確性を検討するために，図 20C には 3 つの課題における peak	 force と
valley	 forceの恒常誤差を示した．分析の結果，valley	 forceはpeak	 forceよりも大
きな恒常誤差を示し（F	 (1,	 54)=40.66,	 p<0.0001），しかも負の方向に誤差を呈した．
さらに，40-20課題は20-10課題よりも力の恒常誤差が大きく（F	 (2,	 54)=3.43,	 p<0.05），
力レベルの増加に伴って力の恒常誤差が増加した．	 
	 
3)	 力の標準偏差	 	 
	 力の変動を調べるために，図20Bには3つの課題におけるpeak	 forceとvalley	 force
の標準偏差を示した．標準偏差の分析の結果，力と課題に主効果が観察された．多重比
較の結果，10-5課題は20-10課題と40-20課題のよりも標準偏差が小さく，20-10課題
は40-20課題よりも標準偏差が小さく（F	 (2,	 54)=22.47,	 p	 <	 0.0001），力レベルの増
加に伴ってpeak	 forceとvalley	 forceの標準偏差は増加した．また，peak	 forceはvalley	 
forceよりも標準偏差が大きかった（F	 (1,	 54)	 =	 7.07,	 p	 <	 0.05）．	 
	 
4)	 力の変動係数	 	 
	 目標値の異なる力変動を検討するために，図20Dには3つの課題におけるpeak	 force
とvalley	 forceの変動係数を示した．標準偏差の結果と対照的に，valley	 forceはpeak	 




（F	 (1,	 18)	 =	 41.25,	 p<0.0001）．同様に，目標valley	 forceの20%MVCも目標peak	 force
の20%MVCより大きな変動係数であった（F	 (1,	 18)	 =	 24.82,	 p	 <	 0.0001）．本研究の重
要な結果として，valley	 forceはpeak	 forceよりも変動が大きく，力を抜くことは力	 
を入れることよりも不安定な制御であった．一方，課題と力の間に交互作用が観察され
た（F	 (2,	 54)	 =	 3.39,	 p	 <	 0.05）ので，peak	 force と valley	 force を個別に分散分






























































































図21.	 Peak-to-peak	 intervalとvalley-to-valley	 intervalにおける恒常誤差と変動
係数．正の恒常誤差は運動間隔が目標運動間隔よりも長いことを意味する．図中では
















































































加に伴って運動間隔は増加した（F	 (2,	 54)	 =	 3.07,	 p	 <	 0.05）．	 
	 
8)	 Time-to-peak	 forceとtime-to-valley	 forceの平均値と変動係数	 
	 力発揮に要する時間の関係を検討するために，図 22 は 3 つの課題に関する
time-to-peak	 forceとtime-to-valley	 forceの平均値（A）と変動係数（B）を示した．
その結果，time-to-peak	 forceはtime-to-valley	 forceよりも長かった（F	 (1,	 54)=23.57,	 
p<0.0001）．力の増加に伴って，time-to-peak	 forceとtime-to-valley	 forceの変動は
小さくなった（F	 (2,	 54)=15.58,	 p<0.005）．	 
	 
2.4	 考	 	 察	 
	 本研究はvalley	 forceの誤差と変動がpeak	 forceのそれより大きいことを示した（図
20CとD）．しかも，10%および20%MVCの目標valley	 forceの変動は同一の%MVCの目標
peak	 force のそれより大きかった．Harbst	 et	 al.（2000）は参加者に両手の自己ペー



























































（Spraker	 et	 al.,	 2009）．しかし，体性感覚誘発電位は脱力している時の方が力発揮し





動に比例するが（Burke	 et	 al.,	 1978），5-10%MVC より小さい発揮筋力の等尺性収縮で
は，主働筋の 75%の筋紡錘が紡錘運動神経によって賦活されるが，残りの筋紡錘は脱負
荷になると報告されている（Edin	 and	 Vallbo,	 1990）．本研究では目標 peak	 force が













（Slifkin	 and	 Newell,	 1999,	 2000;	 Taylor	 et	 al.,	 2003）．しかしながら，先行研究








タイミングは概して独立に制御されているが（Keele	 et	 al.,	 1987），両者の相互作用も
知られている（Billon	 et	 al.,	 1996;	 Sternad	 et	 al.,	 2000）．等尺性力発揮課題を用
いた先行研究（Newell	 and	 Carlton,	 1985;	 Carlton	 et	 al.,	 1993）は力とタイミング
の変動における相互作用を検討している．たとえば，Carlton	 et	 al.（1993）は肘の分
離的な等尺性力発揮課題を用いて，	 time-to-peak	 force の変化は力変動に影響し，力
レベルの変化もタイミングの変動に影響し，力とタイミングは相互に影響し合うことを




	 Peak	 force あるいは valley	 force とタイミングの変動の相互作用について，VVI が









































































































	 さらに，近年のuncontrolled	 manifold	 hypothesis（Latash	 et	 al.,	 2002b）と	 optimel	 
feedback	 theory	 (Todorv	 and	 Jordan,	 2002)は運動変動を課題パフォーマンスに影響す
るもの（task-relevant	 variance）としないもの（task-irrelevant	 variance）に分類
している．その理論に基づいて，Latashらは4本指で分離的（Varadhan	 et	 al.	 2010），
周期的な（Latash	 et	 al.,	 2002a;	 Friedman	 et	 al.,2009）に力発揮し，その総和を目
標値に一致させる課題を用いて，task-relevant	 varianceとirrelevant	 varianceが力
の大きさと力の変化率に伴ってどのように変化するのかを検討した．この研究では，




































	 参加者は右利きの10名の健康な男子大学生（平均	 ±	 標準編差：22.2	 ±	 1.2歳）で











































	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 





らなり，peak	 force,	 valley	 force,	 PPI,	 VVIの標準偏差を算出した．両手課題におい
て，左右の力発揮の関係を検討するため，peak	 force と valley	 force の左右の力の相
関係数を算出した．	 
	 相関係数の変化が課題パフォーマンスに関連する分散とそうでない分散のどちらに依
























の三要因分散分析を行った．	 Task-relevant	 varianceとtask-irrelevant	 varianceに
関する統計分析は 2（試行）×2（課題：両手課題と片手課題）×2（力）×2（分散：
task-relevant	 varianceとtask-irrelevant	 variance）の四要因分散分析を行った．Peak	 
forceとvalley	 force，PPIとVVIの標準偏差に関する統計分析は2（試行）×2（課題）
×4（力レベル）×2（力あるいは間隔：PPI と VVI）の四要因分散分析を行った．全て









































































2)Task-relevant	 varianceとtask-irrelevant	 variance	 
	 図28には視覚有り試行（AとB）と無し試行（CとD）におけるpeak	 force（AとC）
とvalley	 force（BとD）のtask-relevant	 varianceとtask-irrelevant	 varianceを
示した．分析の結果，peak	 forceとvalley	 force共に，視覚有り試行は無しの試行よ


































試行では，5-2.5条件ではtask-irrelevant	 variance はtask-relevant	 variance より
も大きかった（F(1,	 36)=7.625,	 p<0.01）が，力レベル20-10（F(1,	 36)=8.221,	 p<0.01）




































































	 図30には片手課題と両手課題におけるにおけるpeak	 forceとvalley	 forceの標準偏
差を示した．その結果，力レベルの増加に伴って力の標準偏差は増加した（F(3,	 448)	 
=108.85,	 p	 <	 0.001）．視覚有り試行（A）では両手課題は片手課題よりも力の標準偏差
が小さかったが（F(1,	 448)	 =	 25.24,	 p	 <	 0.001），視覚無し試行（B）では有意な主効	 
	 
	 
図29．両手の力-時間系列におけるRelative	 phaseの標準偏差．Relative	 phaseは	 60
回の力発揮の力−時間系列から計算された．したがって，力—時間系列にはpeak	 force
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これらの結果は本研究で用いた周期的力発揮は Hu	 et	 al.の用いた両手の持続的力保持
課題よりも両手結合が強いことを示唆した．	 
	 視覚情報を提示した時の弱い力レベルおける両手の力の誤差補正は Uncontroled	 
manifold	 hypothesis（Domkin	 et	 al.	 2002;	 Latash	 et	 al.	 2002b）とminimal	 intervention	 
principle（Todorov,	 2004;	 Todorov	 and	 Jordan,	 2002;	 Valero-Cuevas	 et	 al.,	 2009）
によって予想されたものである．それらの法則では，協応運動に含まれる分散において
課題の目的達成に関与する分散（task-relevant	 variance）と影響のない分散
（task-irrelevant	 variance）に分類し，task-irrelevant	 varianceがtask-relevant	 
varianceよりも大きくなると予測した．本研究では，弱い力発揮では，課題のパフォー
マンスに関連しない左右の力配分の変動が課題に影響する左右の力の総和の変動よりも









task-relevant	 variance と task-irrelevant	 variance は力レベルの増加に伴って増加
した（図 28）．しかし視覚情報の利用できる時，弱い力レベルでは task-irrelevant	 














れる（Diedrichsen	 et	 al.,	 2003）．	 
	 本研究の結果とは異なり，Hu	 et	 al.（2011）の研究では，視覚情報の利用できる時，






































Rinkenauer	 et	 al.	 （2001）は力やタイミングの結合あるいは分離の協応方略を検討し
たが，タイミングの変化が力の誤差補正に与える影響を検討していない．	 	 



























varinace とtask-relevant	 variacne の差が小さくなった．一方，第3章の両手協応課
題の実験では，両手の力のtask-relevant	 varianceとtask-irrelevant	 varianceが共
に力レベルの増加に伴って増加した．しかし，第 3 章では，タイミングが両手の力の
task-relevant	 variance と task-irrelevant	 varinace にどのように影響を与えるのか
を検討していない．したがって，本研究は運動間隔に伴う力の制御方略の変化が
task-relevant	 variance と task-irrelevant	 variance のどちらによって生じるのかを
確かめる．本研究の周期的力発揮課題では，運動間隔の増加に伴って，フィードバック
を利用して力の配分を変動させる時間が増加するので，	 task-irrelevant	 variance は
増加するだろう．	 	 
	 
4.2	 方	 法	 
１）参加者	 
	 参加者は右利きの10名の健康な男子大学生（平均	 ±	 標準誤差：22.2	 ±	 0.42 歳）






















はパーソナル・コンピュータのモニター上に目標のpeak	 forceと	 valley	 forceを水平
線で示し，参加者が発揮した力と力の目標値の差異を視覚化した．その後，音無し試行








peak	 force,	 valley	 force,	 PPI,	 VVIの標準偏差を算出した．左右の力発揮の関係を検






された（Scholz	 and	 Kelso,	 1989）．	 
	 左右の力の相関係数はFisherのZ変換を行ってから統計分析に用いた．両手の力の相
関係数，peak	 forceとvalley	 forceまたはPPIとVVIの標準偏差に関する統計的分析
は2（試行：音有り試行と音無し試行）×5（条件：500	 ms，750	 ms，1000	 ms，1250	 ms,	 
1500	 ms）×2（力：peak	 forceとvalley	 forceまたは間隔：PPIとVVI）の三要因分散
分析を行った．Task-relevant	 varianceとtask-irreleant	 varianceに関する統計的分
析は2（試行）×5（条件）×2（力）×2（分散:task-relevant	 varianceとtask-irrelevant	 























り試行は音無し試行よりも相関が正の方向に強く(F(1,	 180)=18.55,	 p<0.001)，valley	 
forceはpeak	 forceよりも相関が正の方向に強かった(F(1,	 180)=4.374,	 p<0.05).	 500
条件と750条件は正の相関を示し，1000条件，1250条件，1500条件は負の相関を示し
た	 (F(1,	 180)=149.06,	 p	 <	 0.001)．さらに，全ての条件にわたって二次曲線の回帰分
析を行った結果，音有り試行（peak	 force,	 r2	 =	 0.980,	 p	 <	 0.019;	 valley	 force,	 r2=0.977,	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の結果と対応して，音有り試行（peak	 force,	 r2	 =	 0.992,	 p	 >	 0.01;	 valley	 force,	 r2=	 
0.955,	 p	 >	 0.05）と音無し試行（peak	 force,	 r2	 =	 0.999,	 p>0.05;	 valley	 force,	 r2	 



























































3)Task-relevant	 varianceとtask-irrelevant	 variance	 
	 相関係数の変化がtask-relevant	 varianceとtask-irrelevant	 varianceのどちらの
変化によって生じたのかを確かめるために，図33は5つの運動間隔におけるpeak	 force
と valley	 force の 2 つの分散を示した．分散分析の結果，分散に有意な主効果	 (F(1,	 
360)=16.40,	 p<0.0001)と条件と分散の間に有意な交互作用が観察された(F(4,	 
360)=22.19,	 p<0.0001)．Task-irrelevant	 varianceは運動間隔の有意な主効果が観察	 
	 
	 


























4)Relative	 phaseの標準偏差	 	 
	 左右の時間的結合を検討するために，図34には音有り試行（C）と音無し試行（D）に
おける左右のrelative	 phaseの標準偏差を示した．線形回帰分析を行った結果，音有り
































おけるPPIとVVIの標準偏差を示した．線形回帰を行うと，音有り試行（peak	 force,	 r2	 
=	 0.920,	 p	 >	 0.01;	 valley	 force,	 r2	 =	 0.954,	 p	 <	 0.005）と音無し試行（peak	 force,	 



















































	 Optimal	 feedback	 control	 theory は神経系がフィードバックを用いて課題パフォー
マンスに影響しない部分を変動させることで，課題パフォーマンスに影響する部分（誤












































Carlton	 et	 al.	 の研究結果と一致しなかった．この問題に関して，Carlton	 et	 al.（1983）
と我々の一連の研究は分離運動と周期運動という点で異なる．分離運動と連続運動は異



























































を行った．さらに，上述の先行研究は相手の運動（Brass	 et	 al.,	 2001）や2人で操作





5．2	 方	 法	 
1）参加者	 











の平均値からMVC（45.08	 ±	 2.32	 N）が決定された．参加者は個人間課題と個人内課題




た．両課題において，目標peak	 force は MVC の 10%であり，目標valley	 force は MVC
の5%であり，目標運動間隔は1000msであった．個人間課題における目標のpeak	 force
とvalley	 forceは2人の参加者のMVCの合計値から決定された．	 














both-forces 条件，partner-force 条件，no-feedback 条件の 5 つの条件を設定した．
Individual 条件では，参加者は 1 人で力発揮を行った（図の半分，図 16 を参照）．

























回の力発揮を用いた．Peak	 force，valley	 force，PPI，VVI の変動を分析するために，
変動係数（標準偏差/平均値×100）を算出した．2 人の力発揮の関係は相関係数を算出
して検討した．2人の力発揮におけるタイミングはcross-spectral	 coherence解析を用
いて検討した．Cross	 spectral	 coherence解析は様々な周波数領域にわたって2つの時	 
系列における位相の相関関係を算出した．算出されたcoherenceは1から0の値をとり，
1に近づくと2つの時系列における位相の相関関係が強くなるが，0に近づくとその相関	 
関係が弱くなる．Cross-spectral	 coherence 解析には1 試行全体にわたって力—時間系
















5．3	 結	 果	 










	 図 38 には 4 つの条件における2 人の力発揮とその総和のデータサンプルを示した．































図39Eには4条件における相関係数の平均値を示した．分析の結果，	 peak	 forceとvalley	 
force 共に total	 force 条件は他の課題よりも著しく両者の力の負の相関が強かった






















































間系列のrelative	 phaseを示した．その結果，位相領域に主効果が観察され（F(8,	 324)	 
=	 135.47,	 p	 <	 0.001），条件と位相領域の間に有意な交互作用が認められた（F(24,	 324)	 
=	 10.20,	 p	 <	 0.001）．位相領域を個別に分析した結果，0-20°の位相領域の出現頻度
はtotal-force条件とboth-forces条件の方がno-feedback条件よりも著しく高く

















他の3条件の方が著しく高かった（F(3,	 36)	 =	 10.18,	 p	 <	 0.0001）．また，141-160°
（F(3,	 36)	 =	 5.58,	 p	 <	 0.005），161-180°（F(3,	 36)	 =	 6.37,	 p	 <	 0.001）の位相領
域の出現頻度はtotal-force条件とboth-forces	 条件の方がno-feedback条件よりも低
く，81°-100°（F(3,	 36)	 =	 8.65,	 p	 <	 0.0001），101-120°（F(3,	 36)	 =	 13.72,	 p	 <	 
0.001），121-140°（F(3,	 36)	 =	 11.20,	 p	 <	 0.0001）の位相領域の出現頻度はno-feedback

































かった（F(4,	 110)	 =	 19.63,	 p	 <	 0.001）．注目すべき結果として，total-force条件は
individual条件よりも力の絶対誤差が小さく，力の総和の視覚情報の利用できる個人間
課題は個人内課題よりも正確な力制御であった．	 	 
	 力の制御の安定性を検討するために，図42Bには5条件におけるpeak	 forceとvalley	 
force の標準偏差を示した．分析の結果，多重比較の結果，partner-force 条件と
no-feedback条件はtotal-force条件，both-forces条件よりも力の標準偏差が大きかっ





























































きかった（F(1,	 110)	 =4.20,	 p	 <	 0.001）．さらに，total-force 条件とindividual 条
件を比較すると，total-force条件はindividual条件よりもタイミングの誤差が小さか




かった（F(1,	 110)	 =6.23,	 p	 <	 0.001）．さらに，total-force 条件とindividual 条件
を比較すると，total-force条件はindividual条件よりもタイミングの標準偏差が小さ
かった（F(1,	 56)	 =	 4.54,	 p	 <	 0.05）．したがって，力の総和の視覚情報を提示した時，
個人間課題は個人内課題よりも力と同様にタイミングの制御も安定していた．	 
	 















































	 Uncontrolled	 manifoled	 hypothesisとoptimal	 feedback	 control	 theory（Todorov	 and	 












	 2人の運動の同期（Keller	 et	 al.,	 2007）と相補的力発揮（Bosga	 and	 Meulenbroek,	 





者の運動をシミュレーションすることで得られる（Wolpert	 et	 al.,	 2003;	 Sebanz	 and	 
Knoblich,	 2009）．たとえば，バスケットボールで他者のフリースローが入るかどうかを
予測した時，プロ選手は未経験者よりもフリースローの結果を早く，正確に予測した















（joint	 effect）を予測することである．上述の先行研究（Knoblich	 and	 Jordan,	 2003;	 


























































る時，両手の力は1250	 ms で最も負の相関が強くなったが，1250	 ms から離れると正の







	 	 	 	 	 	 








力の変動	 片手	 ＞	 	 	 	 両手，個人間	 
タイミングの変動	 片手	 ＞	 	 	 	 両手，個人間	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6.2.1	 Fitts	 and	 Posnerの運動学習段階	 



































































	 6.3.1	 個人間協応の力とタイミングの制御に与える声かけの影響	 
	 集団スポーツで，人間はパスを行う時に，他者に声をかける時がある．このような個
人間の発声と身体運動の相互作用は観察的研究によって報告されている（Condon,	 1976;	 




































	 個人間協応運動には 2 人の役割が平等なものだけでなく，異なるものも存在する
（Clark	 et	 al.,	 1996）．例えば，両者の一方が先行して運動を行い（leader），他方が
一方の運動を追従（follower）するようなleader-followerの関係がある．しかし，joint	 
actionにおけるleader-followerの関係を検討した研究は非常に少ない（Konvalinka	 et	 
















coupling 条件の結果について，Konvalinka	 et	 al.は両者が follower とな
る”hyper-followerの関係”が成立したと考察した．また，Noy	 et	 al.（2011）の研究
と一致して，unidirectional	 couplingがbidirectional	 couplingよりも両者のタップ


































が検討できるだろう．この手法は4本指の力制御（Latash	 et	 al.,	 2004）や姿勢制御時




































	 健常な人間と比較して，自閉症の患者は心の理論(theory	 of	 mind,	 Baron-Cohen	 et	 al,	 
1985;	 Peterson	 et	 al.,	 2005)，共同注意（joint	 attention,	 Osterling	 et	 al.,	 2002），






れている運動前野の活動が低下しているらしい（Hadjikhani	 et	 al.,	 2006;	 Dapretto	 et	 










る先行研究では，共同注意が12-18ヶ月で発達するらしい（Tollefsen, 2005; Frischen 
and Tipper et al., 2004）．また，幼児はその時期に個人間協応に行うようになり，他者
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